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gzhou@buaa.edu.Abstract NiCrAlY bond coat was prepared by HVOF (high-velocity oxygen fuel) spray on nickel-
based superalloy. Surface treatments like grit-blasting, shot-peening and vacuum treatment
methods were carried out in order to study the effects of surface modiﬁcation on thermal cycling
lifetime of TBCs. The surface-modiﬁed TBCs exhibited better thermal shock resistance. Failure of
TBCs with the as-sprayed bond coat occurred within the top coat and at the interface between
spinels and the top coat, while that of after shot-peening, grit-blasting and vacuum treatment
occurred mainly within the top coat. TGO (thermally grown oxide) formed on as-sprayed bond
coat was composed of a Ni(Al,Cr)2O4 spinels outer layer and a Al2O3 inner layer. But, a continuous
and uniform Al2O3 formed after surface modiﬁcation. Formation of the mixed oxides (spinels) on
the as-sprayed bond coat accelerated the failure of TBCs.
& 2012 Chinese Materials Research Society. Production and hosting by Elsevier Ltd. All rights reserved.1. Introduction
Thermal barrier coatings (TBCs) have been extensively applied
to improve efﬁciency and durability of hot section componentsesearch Society. Production
reserved.
nese Materials Research
.007
82338622;
cn (C. Zhou).in gas turbine engines [1,2]. TBCs generally are consisted of a
thermally insulating ceramic top coat and an oxidation-
resistant metallic bond coat on the superalloy substrate [3,4].
MCrAlY (M¼Ni, and/or Co) is usually used as a bond coat
to provide a good thermal expansion match between the top
coat and substrate as well to protect the substrate from
oxidation and hot corrosion.
During service at high temperatures, a thermally grown
oxide (TGO) is formed at the bond coat/top coat interface. It
is well known that the TGO plays a major role in the
durability and failure of TBCs [5–7]. Previous studies have
demonstrated that bond coat surface condition has a signiﬁ-
cant effect on the lifetime of TBCs [8–11]. When the surface
roughness of the grit-blasted electron beam physical vapor
deposition (EB-PVD) MCrAlY bond coat changed from 3.76
to 0.82 mm, the thermal cyclic lifetime of the TBCs increased
from about 530 h to 730 h [8]. The lifetime of TBCs increased
by surface grinding treatments of air plasma spraying (APS)
NiCrAlY bond coat attributed to diminishing diffusion paths
L. Ni, C. Zhou238on the surface of the bond coat and decreasing Al depletion
rate [9]. A continuous Al2O3 layer promoted by pre-oxidation
heat treatment of vacuum plasma spray (VPS) CoNiCrAlY
bond coat in vacuum was found to extend TBC-lifetime [10].
The surface of EB-PVD bond coat modiﬁed by a moderate
shot peening processing was able to prolong the lifetime of
TBCs [11]. The HVOF NiCrAlY coatings after surface
modiﬁcation exhibited better isothermal oxidation resistance
due to the decrease of NiCr2O4 spinels [12]. However, the
effect of surface conditions on the thermal cycling lifetime of
TBCs with HVOF NiCrAlY bond coat has not been done.
The primary objective of this work is to study the effect of
surface modiﬁcations (grit-blasting, shot-peening and vacuum
treatment) on the thermal cycling lifetime of TBCs with
HVOF NiCrAlY bond coat, focusing on an investigation of
the morphology and composition of TGO. In addition, the
failure mechanism of the coating has been explored.2. Experimental procedure
The substrates were cut into coupons with a dimension
^15 mm 3 mm from a directionally solidiﬁed Ni-based
superalloy DZ 125 with nominal composition of Ni-9Cr-
10Co-2.5Mo-7.5W-5.4Al-4.1Ta-1.8Hf-1.2Ti. These specimens
were grit-blasted with grade 24 alumina grit in order to
improve the adherence of the coating. A Ni-25Cr-5Al-0.5Y
(270–320 meshes) powder was HVOF-sprayed onto the sur-
faces of the specimen substrate, as shown in Fig. 1. HVOF
spraying was carried out using a commercial Met Jet III
(Metallization) gun. Kerosene was used as a fuel and nitrogen
as the carrier gas. HVOF spray conditions were reported in
our previous investigation [13].
After deposition, some specimens were grit-blasted with
250 mm alumina grit, some specimens were shot-peening with
250 mm glass grit, and some specimens underwent a pre-
oxidation heat treatment under vacuum with the workingFig. 1 Morphology of NiCrAlY powders used for HVOF
spraying.pressure in the range of 3–7 103 Pa for 2 h at 1050 1C to
attain different coating surface morphologies. Afterwards,
8 wt% Y2O3–ZrO2 powders was deposited by air plasma
spray (APS) onto the surfaces of the HVOF NiCrAlY coating.
The conditions of APS for TBC in this study have been
described elsewhere [14]. The thicknesses of the bond coat and
the top coat were approximately 100 and 250 mm, respectively.
Quantitative measurements of the surface roughness were
made using a surface proﬁle recorder (TR 100, Beijing Time
Group). The surface roughness was measured on each coating
at more than ten locations and the average value was used to
determine the surface roughness.
Cyclic oxidation tests were conducted for evaluation of
thermal cycling lifetime of the coatings. The cyclic oxidation
tests were performed at 1100 1C with a resistance furnace
under atmospheric pressure in static air. Each cycle consisted
of 50 min immersion in the furnace followed by a 10 min
cooling down to room temperature. The thermal cycling
lifetime was deﬁned as the number of cycles at which
spallation of more than 10% surface area of TBC specimens
occurred. Three samples were tested in the identical condition
to obtain the average value of cyclic oxidation lifetime of the
coating.
The samples were analyzed using X-ray diffraction (XRD,
D/max 2200PC) using Cu Ka radiation, and scanning electron
microscopy (SEM, FEI Quanta 600, Netherlands) with energy
dispersive spectroscopy (EDS).3. Results
Fig. 2a shows the typical surface morphology of the as-
sprayed HVOF NiCrAlY bond coat. The coating is character-
ized by impacted coating splats, unmelted spherical particles,
porosity and glazed areas [15]. A detailed examination of the
glazed areas (Fig. 2b) demonstrates that it consists of splash-
type splats (area A) with ﬁnger-like protrusions (area B). In
Fig. 2c, it is obvious that a number of small particulates are
attached to the surface of spherical particles, which is different
from the surface morphology of the original powders (Fig. 1).
These particles were evidently deposited by liquid jetting
resulting from the splashing of partially or fully molten
particles because the splashed jetting is ejected radially
[16,17]. Table 1 is the quantitative analysis results of the
element composition for point A, B, C and D by EDS,
respectively. It is clear that the oxygen content of point B
and D is higher than of point A and C, which is attributed to
the possible oxidation of the powders during spraying [18].
The surface morphologies of the coatings after different
surface modiﬁcations are shown in Fig. 3. The coatings
present rather different morphologies. The surface of the
grit-blasted coating becomes smooth and the spherical parti-
cles reduce due to weakly bonding to the coating (Fig. 3a).
However, after shot-peening treatment, the surface of coating
is ﬂat and the spherical particles nearly disappear, as seen in
Fig. 3b. Fig. 3c shows surface microstructure of the bond
coating after the vacuum treatment. EDS results shows that
the coating surface layer is rich in Al and O, suggesting the
formation of Al2O3. The surface roughness was 5.6, 4.3, 3.8,
and 5.5 mm in the as-sprayed, grit-blasted, shot-peening and
vacuum treatment states, respectively.
Fig. 2 Surface morphologies of (a) as-sprayed HVOF NiCrAlY coatings (b) detail indication of the glazed areas (c) typical spherical
particles with small particulates.
Table 1 EDS results of as-sprayed HVOF NiCrAlY
coating in Fig. 2(b) and (c) (wt%).
EDS point Ni Cr Al O Y
A 67.93 23.86 4.98 2.83 0.40
B 65.11 22.30 5.45 6.51 0.63
C 67.96 24.63 4.84 2.21 0.36
D 68.84 24.79 3.23 2.54 0.60
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blasted, shot-peening, and vacuum treated bond coatings. It
demonstrates the dominant phase in the coatings was g0-Ni3Al.
The width of the peaks of the shot-peening and grit-blasted
coatings became wider due to the effect of both reﬁnement of the
grain size and the atomic-level strain [19,20]. Moreover, the peak
of Al2O3 was detected on the vacuum treated coating. This
implies that the Al2O3 formed during the vacuum annealing. It
was well in agreement with the EDS results shown in Fig. 3c.
Fig. 5 compares the thermal cycling lifetime of TBCs with
different surface modiﬁcation with as-sprayed coating. The
average thermal cycling lifetime of as-sprayed, grit-blasted, shot
peening, and vacuum treatment TBCs are about 900, 1030, 958
and 1300 cycles, respectively. The result indicates that the thermal
cycling lifetime of TBCs by vacuum treatment is about 1.4 times
larger than that of as-sprayed TBCs. Compared with TBCs with
as-sprayed bond coat, TBCs exhibited better thermal shock
resistance by the three surface modiﬁcation methods.Fig. 6a shows the fractured surface morphology of the failed
TBCs with the as-sprayed bond coat. EDS analysis conﬁrmed
that the white region (A) consists of some remaining YSZ, while
the black blocks (B) contain large amounts of Ni, Cr, Al, and O.
The TGO formed on the as-sprayed bond coating is not uniform
in thickness and compositions. As shown in Fig. 6b, the TGO
consisted of two layers: the outer layer that appeared to be gray,
and the inner layer that was darker. EDS examination revealed
that the gray oxides in the outer layer of the TGO contained large
amounts of Ni, Cr, Al, and O, while a high concentration of Al
and O occurred in the inner layer. It was suggested that the outer
layer of the TGO was mainly composed of NiO, Cr2O3, and
Ni(Al,Cr)2O4 spinels, and the inner layer was mainly composed of
Al2O3, as reported in the previous investigations [21–23]. There-
fore, a conclusion can be drawn that failure of TBCs with the as-
sprayed bond coat occurred within the top coat and at the
spinels/top coat interface. This is a typical failure mode of plasma
sprayed TBCs [24,25].
The cross-sectional microstructure of the failed TBCs with the
grit-blasted, shot-peening, and vacuum treated bond coat were
shown in Fig. 7. It was noted that the TBCs failed mainly within
the top coat. Moreover, the TGO observed on the bond coatings
was uniform and continuous. EDS analysis showed that the TGO
formed on the grit-blasted bond coatings was mainly composed of
Al and O elements, indicating the formation of Al2O3. Similar
results had been found for TGO formed on the shot-peening and
vacuum treatment bond coat. The average thickness values of the
TGO are approximately 8.8, 6.9, 6.2, 4.5 mm, for as-sprayed, grit-
blasted, shot-peening and vacuum treatment coatings, respectively.
Fig. 3 Surface morphologies of as-sprayed HVOF NiCrAlY bond coatings after being grit-blasted (a), shot-peened (b) and vacuum
treatment (c).
Fig. 4 The XRD patterns of the as-sprayed, grit-blasted, shot-
peening, and vacuum treatment bond coatings.
Fig. 5 Thermal cycling lifetime of as-sprayed, grit-blasted, shot
peening, and vacuum treatment TBCs.
L. Ni, C. Zhou2404. Discussion
As shown in Figs. 6 and 7, TGO formed in the failed TBCs
with as-sprayed bond coat was composed of a Ni(Al,Cr)2O4
spinels outer layer and a Al2O3 inner layer, while that of the
grit-blasted, shot-peening, and vacuum treatment bond coat
was mainly consisted of Al2O3. During the early stage of cyclicoxidation, Al2O3, NiO, and Cr2O3 formed simultaneously at
the top coat/bond coat interface. Because the oxidation of Al
requires the least oxygen partial pressure [26] and the lowest
Gibbs free energy of formation [27], a replacement reaction of
Al occurs, resulting in the formation of Al2O3 in the coating.
For the as-sprayed coating, the weak bonding between the
ﬁnger-like protrusions or spherical particles and the under-
lying splat in bond coat limits or delays the diffusion of Al to
the bond coat/TGO interface [28]. Therefore, after extended
thermal exposure, the ﬁnger-like protrusions or spherical
Fig. 6 (a) The typical fracture surface morphology and (b) the cross-sectional microstructure with EDS micro-region analysis results of
the failed TBC with as-sprayed bond coat.
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of Al at the TGO/bond coat interface, Ni and Cr may react
with oxygen to form NiO and Cr2O3. NiO can react with
Al2O3 and Cr2O3 to form Ni(Al,Cr)2O4 spinels [29]. As a
result, the protective single-layered Al2O3 was difﬁcult to form
on as-sprayed bond coat. On the contrary, for the grit-blasted
and after shot-peening bond coat, the ﬁnger-like protrusions
and spherical particles were largely reduced, and the surface
roughness decreased. As a result, the consumption of Al
largely decreased as compared with the as-sprayed bond coat.
Moreover, the accelerated diffusion of Al due to the disloca-
tions introduced by grit-blasted and shot-peening can promote
the formation of Al2O3 [30]. For the vacuum treated bond
coat, as a Al2O3 layer already formed during vacuum treat-
ment, which works as a diffusion barrier layer to delay the
diffusion of Al from bond coat during oxidation. The forma-
tion of the Al2O3-based TGO without Al depletion
can effectively hinder the diffusion of other metal elements
(Cr, Ni, etc.) through the TGO.For the bi-layered structure TGO, the mixed oxide layer
(spinels) in the TGO results in signiﬁcantly higher thermal stresses
[31]. Meanwhile, the mixed oxides in the TGO grow rapidly and
thus lead to high volumetric expansion stress and growth stress in
the coating [32]. Moreover, the interfacial fracture resistance of the
TBC/spinel interface is lower than that of the TBCs/Al2O3
interface [5]. Therefore, the mixed oxides in the TGO promote
the failure of TBCs. Compared with the as-sprayed bond coat
TBCs, the TGO formed on the grit-blasted, shot-peening, and
vacuum treatment bond coat mainly consisted of Al2O3. Conse-
quently, TBCs exhibited better thermal shock resistance by the
three surface modiﬁcation methods.5. Conclusions
TBCs exhibited better thermal shock resistance after grit-
blasting, shot-peening, and vacuum treatment of bond coat.
Failure of TBCs with the as-sprayed bond coat occurred
Fig. 7 The cross-sectional morphologies and corresponding EDX micro-region analysis of the TGO of the failed TBCs with grit-blasted
(a), shot peening (b), and vacuum treatment (c) bond coatings.
L. Ni, C. Zhou242within the top coat and at the spinels/top coat interface, while
that of grit-blasted, shot-peening and vacuum treatment bond
coat occurred mainly within the top coat. TGO formed
through the surface modiﬁcations mainly consisted of a contin-
uous and uniform Al2O3. However, the TGO formed on as-
sprayed bond coat was composed of a Ni(Al,Cr)2O4 spinels outer
layer and a Al2O3 inner layer. The mixed oxides (spinels) formed
on the as-sprayed bond coat is mainly responsible for the failure
of TBCs. The improvement in the thermal cycling life of TBCsafter surface modiﬁcations is attributed to the formation of a
continuous and uniform Al2O3.Acknowledgments
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